Matched-field processing is a passive range and depth source localization technique that has been extensively used in shallow-water environments. A vertical array of sensors is used to spatially sample the acoustic waveguide where the source signal embedded in additive ambient noise propagates. The array output is then matched with the signal replica field generated by a normal-mode model based on the environmental parameters that characterize the waveguide. Recent results obtained from real data show the feasibility of the technique and give evidence of its strong dependence both on the array aperture and on the knowledge of the environmental parameters used in the model. This paper describes a modified matched-field technique, called normal-mode matching, that is applied to real shallow-water data. Its performance is compared to that obtained by conventional matched-field processing using the same data set.
INTRODUCTION
Passive range and depth localization of an acoustic source in shallow water is a difficult, yet interesting problem that has received a great deal of attention in the last few
years. t-• The simultaneous estimation of range and depth
requires the use of numerical propagation models. The classical approach to this problem is to "match" the received acoustic data with the sound field predicted by the propagation model for a number of hypothetical range/depth source locations. This technique is called matched-fieldprocessing.
It is commonly accepted that the wave propagation and boundary interaction dominating shallow-water propagation can be well described by a normal-mode model. According to this model, the acoustic pressure measured at the re- The idea pursued is to measure the degree of similarity between the estimated and the model:generated normalmode amplitudes. The maximum of the similarity function will give an estimate of the range/depth source parameters. This technique will be referred to as normal-mode matching, also called matched-mode processing. Yang a derived range/ depth estimation patterns from simulated data and successfully applied the method to experimental data obtained from a long-range source signal propagation in the Arctic surface duct. In studies by Yang s and Wilson et al., ø the sound field was unresolvable by the receiving array; i.e., there were more modes than sensors, but the array still spanned a large portion of the sound channel. Other studies •"ø emphasized the range/depth estimator detection and resolution performances.
The present study examines the real data performance of the normal-mode matching technique in a shallow-water environment. The results are compared to those obtained by conventional matched-field processing in the same data set. 4 Particular emphasis is made on the array geometry, source depth, source frequency and bottom characteristics.
I. THEORY
The ocean environment is modeled as a stratified waveguide with an arbitrary sound-speed profile in the vertical.
Long-range sound transmission in such an environment can be described by the discrete normal-mode model. • Given the acoustic pressure predicted by a sufficiently accurate propagation model, range/depth estimation of a submerged source is an inverse problem. The impossibility of obtaining a numerical or analytical inverse solution make us resort to approximate solutions by forward modeling prediction. Matched-field processing belongs to this category of forward modeling techniques. Matched-field processing can be viewed as a two-dimensional (range and depth) generalized beamformer; each "steering" vector is the model replica field formed by the point solution to the wave equation that describes the propagation between the source and the receiver for a given "look direction" in the range/depth space. An extensive calculation of the generalized beamformer output for an "infinite" number of source range/depth combinations gives rise to an ambiguity surface. The coordinates of the maximum of this surface are the matched-field estimates of the actual range and depth source location. Normal-mode matching proceeds by direct inversion of the propagation model in order to estimate the normal-mode amplitudes. Forward modeling is then applied to estimate the source parameters by matching the estimated and the model predicted normal-mode amplitudes for a number of source range/ depth combinations. Again, the range/depth coordinates of the maximum level of the ambiguity surface obtained gives the normal-mode matching estimate of the source location.
A. Normal-mode modeling
The solution of the wave equation for a narrow-band point source exciting a horizontally stratified, parallel waveguide is commonly expressed as a linear combination of the waveguide normal-mode depth functions. The normalized spatial dependence of the acoustic pressure measured at a vertical array of L sensors due to a unit power narrow-band source at location 0 • --(zr,rr), where superscript t stands for transpose and subscript Tindicates the true source location, may be expressed as • 1 
the maximum-likelihood estimator ofx(0r) given (4) is 
where A + is the pseudo-inverse of A. Equation (6) is also referred to as the minimum (Euclidean) length solution of (1)? 3
C. Source range/depth estimation
The approximate forward solution to the inverse problem is obtained as the range/depth coordinates for which the direct match between the measured and the model predicted quantities is maximum. For the normal-mode matching (NMM) technique, this is written as 
where y and p have been defined above. If the sound field is correctly sampled, i.e., if the array is sufficiently dense to resolve even the higher-order modes and it spans the significant part of the sound channel, matrix A will be column orthonormal in which case, (7) and (8) will be equivalent. In that case, (7), or (8), will be the optimum receiver of a single point source in white noise. In practice, the spatial observation of the sound field is often restricted to some imperfectly, spatia!ly sampled portion of the water column.
This and the fact that in shallow water a large amount of energy is often lost by bottom-sound wave interaction results in a rank deficiency of matrix A. Thus expression (6) must be used as the normal-mode amplitude estimator. By substituting (6) into (7) and using ( 14. The receiving system was a free-drifting 62-m-long vertical array with 64 unequally spaced hydrophones (Table I) Fig. 3(a) (simulated data) is similar to that of Fig. 2(a) , however, it shows some higher sidelobes up to 2.5 dB below the maximum, due to the longer range of propagation. Figure 3(b) (real data) shows a precisely located source with a sidelobe rejection of 1.5 dB and a very small range-depth estimation error of 3% both in depth and in range. Note here, however, that in contrast to the result of Fig. 2(b) , no significant sidelobes appear above the thermocline, considerably reducing the surface ambiguity. This reduction is due to the fact that only a reduced number of modes have been used for the range/depth match: 8 modes out of the 17 supported by the channel.
III. DISCUSSION
The real data performance of the normal-mode matching processor will be discussed on the basis of simulated data In previous studies, 4'rs it was mentioned that both the normal-mode matching and the matched-field processors were relatively insensitive to mismatches on bottom properties. This conclusion was based on simulated tests with an array of sensors spanning the total 120-m water column a ith a sound source emitting a continuous wave at 740 Hz.
Using the scenario of Fig. 1 , and a frequency of 332 Hz, it has been found that even small changes in some bottom parameters could significantly degrade the result. Thi:• is mainly due to the reduced array aperture, the downward refracting profile and the lower source frequency (332 Hz). Among the several tests, the results obtained with mismatch on the subbottom sound speed is particularly interesting. Figure 6 shows the range/depth ambiguity surface obtained from the normal-mode matching of the true field with a bottom sound speed Cb = 1800 m/s and a replica field gent:rated with Cb = 1600 m/s. Note the striking resemblance between this result and the real data result of Fig. 2(b) . In this case, the sidelobe coverage at shallow depths is due to the bottom sound speed mismatch which results in a large 
B. System effects
In Fig. 2(a) and (b) , the source location is precisely pinpointed. This high resolution indicates that a relatively high number of accurately estimated modes were used during the match process. However, Fig. 2(b) exhibits a large number of high-level sidelobes at shallow depths that are absent in the perfect match case of Fig. 2(a) . These side- lobes, found almost continuously during that 20-min run, are responsible for a number of losses of source localizations and may be due to sensor position errors which induce mode estimation inaccuracies. The higher-order modes and those with the lowest signal-to-noise ratio are the most sensitive to these errors. The relatively short range (5-7 kin) implies that these modes still carry a non-negligible quantity of source location information needed for the range/depth localization process. This is apparently not the case shown in Fig. 3 . The longer range ( 12 km) attenuates the higher-order modes and they could be eliminated from the range/ depth match, enhancing the source localization by reducing the sidelobes at shallow depths [ Fig. 3(b) ].
Tests done with the real data record [ Fig. 2(b) ] where the array has been raised by I or 2 m with respect to the assumed array depth of 40 m, and/or tilted by a few degrees, showed that the sidelobe structure above the thermocline could be, in some cases, enhanced. In these cases, the source location was lost or ambiguous with a very low sidelobe rejection. This raises the question: How sensitive are matchedfield techniques to errors on the sensor location? From synthetic data studies, 1•'•6 it was deduced that both, normal-mode matching and the matched-field processors, have equivalent sensitivity to sensor position mismatch. This sensitivity is claimed to be of the order of one wavelength of accuracy in sensor depth and about 0.5 deg of tilt, for an array spanning the total water column. In our case, where the array spans only half the water column, one may expect a higher sensitivity. This is illustrated by first showing with simulated data [ Fig. 8 (a) ], the range/depth ambiguity surface obtained by matched-field processing in the same source/receiver environment used for Fig. 2 . The source is estimated roughly at the correct location (66-m depth, 6.19-km range) with, however, a large ambiguity (sidelobe rejection 0.5 dB; localization accuracy -t-11 m in depth, -i-0.3 km in range). If the replica field is generated for an array raised by I m, the result using normal-mode matching is a loss of the source location [ Fig. 8(b) ] while with the matched-field processor the result is still poor but very clo•, c to that obtained in the perfect match case of Fig. 8(a) . In other words with short arrays, a conventional matched field is more robust than normal-mode matching to sensor depth mismatch. This result can be easily understood by noting that the main difference between the two processors concerns the number of modes that can effectively be resolved in a given situation. The influence of sensor depth errors on mode estimation is higher for the highest-order modes. In a short-array configuration, this penalizes normal-mode matching when compared to conventiona matched riehl. This is confirmed by looking at the matched-field result obtained from the real data record of Fig. 2, shown in Fig. 8(c) . This range/depth ambiguity surface is consistent with that of Fig. 2 (b) (sidelobes at shallow depths) occasional and poor results could be obtained with normalmode matching under similar conditions. This performance of the conventional matched-field processor is certainly due to its robustness to errors in the sensor location a particularly important concern both for shallow sources (in our particular environment) and for high frequencies. The main limitation of a conventional matched field is the small number of modes that can be resolved. This number depends essentially on the configuration of the receiving system, i.e., the effective aperture of the array relative to the acoustic channel in which the source energy propagates. To illustrate this point, we deviate from the receiving array structure of the real data •,tudy in order to simulate a 118-m array that spans the total water column (60 hydrophones at 2-m spacing). Figure 9 shows that the result is, as expected, identical for both processors and shows approximately the same performanee as that obtained with normal-mode matching in the 62-m-long array case [ Fig. 2(a) ]. This result shows that the normal-mode matchittg, unlike the conventional matched field, takes into account the effective aperture an geometry of the array in the range/depth match process and adapts to it [see Eq. (9) and related remarks]. This feature is particularly important in shallow-water environments where the sound wave strongly interacts with the bottom, and therefore leaks a large amount of energy. suiting in some cases in a unambiguous estimate of the soume position. However, a relatively high sensitivity to sensor position and/or noise has been noticed, leading in some cases to ambiguous and/or inaccurate source location estimates. It is believed that normal-mode matching is less dependent than the conventional matched field on the number of modes that significantly contribute to the acoustic field; therefore, it is weakly affected by known changes in the environmental and soume parameters; t• the results obtained with normal-mode matching mainly depend on the accuracy of the normal-mode amplitude estimates which, in turn, depend on the configuration of the receiving system. When this configuration is precisely known, the method adapts to it in order to achieve the optimum result according to the assumed data model. The performance of normal-mode matching mainly depends on the number of accurately estimated modes. As a consequence, better results can be obtained by selecting an optimum number of accurately estimated modes for a given soume-medium-receiver configuration, rather than by using all of the modes in the matching process. To some extent, the suggestion of selecting an optimum number of modes is reinforced by some of the results obtained with real data where detections could only be obtained when matching a subset of the modes supported by the acoustic channel. Another possibility would be to make a weighted normal-mode match where the weight function was a monotonic decreasing function of increasing mode order.
A better knowledge of the array position and the modeling of the noise background will represent a possibility to further improve the robustness and detection ability of normal-mode matching and therefore, its reliability in practica situations where the model describes well the real physical propagation characteristics ofthe medium. In practical shallow-water situations, due to the strong bottom-sound wave interaction, the sound field is often undersampled making normal-mode matching the technique of choice for range/ depth source localization.
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IV. CONCLUSION AND PERSPECTIVES
The performance of the normal-mode matching source localization method has been analyzed through a real data study. The two main issues for performance characterization are the sidelobe behavior of the range/depth ambiguity surface and the robustness of the method to environmental and source/receiver parameters mismateh. The dependence of the method on the precise knowledge of the receiving system geometry has also been studied. A comparison has been made with results obtained by the conventional matched field in the same conditiona.
The results obtained with real data confirm the ability of normal-mode matching to handle short vertical arrays.
Compared with the real data results obtained by matchedfield processing, 4 the sidelobe rejection was improved, re-
